The Gongga Shan batholith is a complex granitoid batholith on the eastern margin of the 18
were formed and how they were exhumed to the surface. Hf isotope signatures of Eocene 23
to Pliocene zircon rims (ɛ Hf (t) = -4 to +4), interpreted to have grown during localised 24 crustal melting, are indicative of melting of a Neoproterozoic source region, equivalent to 25 the nearby exposed Kangding Complex. Therefore, we suggest that Neoproterozoic crust 26 underlies this region of the Songpan-Ganze terrane, and sourced the intrusive granites that 27 form the Gongga Shan batholith. Localised young melting of Neoproterozoic lower or 28 middle crust requires localised melt-fertile lithologies. We suggest that such melts may be 29 equivalent to seismic and magnetotelluric low-velocity and high-conductivity zones or 30 "bright spots" imaged across much of the Tibetan Plateau. The lack of widespread exposed 31 melts this age is due either to the lack of melt-fertile rocks in the middle crust, the very low 32 erosion level of the Tibetan plateau, or to a lack of mechanism for exhuming such melts. 33
For Gongga Shan, where some melting is younger than nearby thermochronological ages of 34 low temperature cooling, the exact process and timing of exhumation remains enigmatic, 35 but their location away from the Xianshuihe fault precludes the fault acting as a conduit for 36 the young melts. We suggest that underthrusting of dry granulites of the lower Indian crust 37 (Archean shield) this far northeast is a plausible mechanism to explain the uplift and 38 exhumation of the eastern Tibetan Plateau. 39 M A N U S C R I P T
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new in-situ Hf isotope data from the youngest melts exposed in this long-lived intrusive 79 complex, and we discuss the source and processes behind this very young (Miocene-80 Pliocene) magmatism. 81
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
desolvating nebuliser at a Y-piece before entering the torch. Ablation conditions were 30 175 μm spots at 10 Hz and a fluence of 6.5 J/cm 2 , measured for 30 s. The spots were placed 176 directly over pits previously analysed for U-Pb (presented in Searle et al., 2016 sample-standard bracketing technique using reference zircon 91500 (Wiedenbeck et al., 179 1995 (Wiedenbeck et al., 179 , 2004 ) was used to correct 176 Lu/ 177 Hf and 176 Hf/ 177 Hf ratios. Plešovice (Sláma et al., 180 2008 ) and the synthetic zircon MUNZirc (Fisher et al., 2011) were used to monitor accuracy 181 and precision of internally corrected Lu and Hf isotope ratios. The reference solution 182
JMC475 was analysed at the start of each analytical session as both undoped and doped 183 with 50 ppb Yb. The correction for 176 Yb on the 176 Hf peak was made using reverse-mass-184 bias correction of the 176 Yb/ 173 Yb ratio (0.7941), after empirical derivation using the Hf 185 mass bias corrected Yb-doped JMC475 solution measurements (Nowell and Parrish, 2001 Söderlund et al. (2004) , the CHUR value of Bouvier et al., (2008), and 194 are reported as ε Hf (t). Data were screened using the ablation signal profiles so that 195 ablations with mixed age domains were excluded. 196 197
Results 198

BO55 199
Nine analyses were made across nine grains (Fig. 2) , with the analyses spread across all age 200 domains in the sample. The four Miocene age domains have ε Hf (t) values ranging from -201
BO62 208
Twenty-six analyses were made across nineteen grains (Fig. 2 ). Of these, eleven correlate 209 with ca. 800 Ma inherited cores, eight correlate with ca. 5 Ma rims, one correlates with a 210 ca. 14 Ma rim, and the other five represent mixtures between these (Fig. 3) . The ε Hf (t) 211 values (Fig. 3) of the 5 Ma rims ranges from -1.90 to +3.64, and the ε Hf (t) values of the 800 212
Ma cores ranges from +5.16 to +10.10. The analyses that represent age mixtures, probably 213 due to the spots overlapping different age domains, feature ε Hf (t) signatures that are 214 compatible with physical mixing between the ca. 800 core and ca. 5 Ma rim ages. 215 216 6. Discussion 217
Magma source 218
The ε Hf (t) values of the ca. 14-5 Ma rims on BO62 do not fall on a line lead-loss trajectory 219 (i.e. Lu-Hf = 0) from the ca. 800 Ma core ε Hf (t) values (Fig. 3) . This confirms the conclusion 220 of Searle et al. (2016) that the rims represent new zircon crystallisation and/or dissolution-221 re-precipitation in the presence of melt. The fact that these rim ε Hf (t) signatures fall on a 222 trajectory representing the evolution of average upper continental crust (i.e. Lu-Hf = 223 0.015), is compatible with reworking of the 800 Ma source rock without addition of 224 material significantly more juvenile, such as depleted mantle. The signatures of BO55 225 overlap those of BO62, suggesting a similar magmatic source; this is apparent for both the 226 ca. 41 Ma and ca. 17 Ma rim domains. The ε Hf (t) signature of the two Triassic zircon 227 domains overlaps the broad evolution of the potential ca. 800 Ma source, suggesting that 228 the inherited magmatic rock in BO55 may also be derived from this Neoproterozoic source. 229
230
The ε Hf (t) signature of potential source rocks is shown in Fig. 3b . The Neoproterozoic cores 231 in BO62 overlap directly with values from the similarly aged Kangding Complex that is 232 exposed to the east of the Gongga Shan batholith (Fig. 1 ). This provides strong evidence 233 that BO62 is derived from remelting of Kangding Complex crust, or a source region that also 234 produced this Neoproterozoic magmatic province. The Kangding Complex broadly overlaps 235 other late Neoproterozoic magmatic rocks that are found throughout the west andM A N U S C R I P T
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Shan overlap these, implying a possible similarity in magmatic source, but there is also 239 considerable spread in the other granitoids. The Triassic sedimentary rocks that form the 240 cover of the Songpan-Ganze terrane have a wide range in ε Hf (t) vales , and a broad range of 241
Palaeozoic to Mesozoic ages. If these sedimentary signatures were averaged together, then 242 their isotopic signature would overlap that of the Triassic and Oligocene-Miocene zircon 243 domains in the Gongga Shan rocks. Whether this is likely will be discussed in the next 244
section. 245 246
The ε Nd (t) signature of the rock suites shown in Fig. 3a -c. The plot shows that the SGT 247 granitoids are compatible with reworking of a Neoproterozoic source region, as seen in the 248
Hf plot, and the same applies to the Gongga Shan data. It should be noted that these latter 249 data are not all directly dated, and plotted at the 12 Ma intrusion age that is reported by 250 Roger et al. (1995) . Interestingly, the SGT sediments have a much more limited range in 251 ε Nd (t) space than ε Hf (t) , and are distinctly more evolved than both the SGT granitoids and the 252 Gongga Shan rocks. 253 254
Melting of Neoproterozoic basement 255
The distinct ε Nd (t) and ε Hf (t) signature of the Miocene Gongga Shan magmatic rocks 256
indicates that the Triassic SGT sediments that they intrude are not the most likely source, 257 this in fact corresponds to a Neoproterozoic source, represented by the nearby Kangding 258
Complex. Zircon inheritance data can be used to investigate this more thoroughly. A plot 259
showing both all published magmatic crystallisation ages and all published in-situ zircon 260 spot ages from Gongga Shan is shown in Fig. 4 . It is clear that there is very little inheritance 261 of Palaeozoic to Triassic ages that are dominant in the SGT flysch-type sediments (Wieslogel 262 et al., 2006 (Wieslogel 262 et al., , 2010 Zhang et al., 2014 Zhang et al., , 2015 . Searle et al. (2016) 
inferred that the Gongga 263
Shan intrusions were sourced from melting of this Triassic sedimentary fill, this is because 264 these rocks would have been fertile (i.e. mica-rich) allowing for partial melt formation at 265 moderate temperatures. Production of granitoids from melting of the Triassic SGT is one of 266 the models inferred for granitoids found elsewhere across the SGT (Roger et al., 2004, 267 M A N U S C R I P T
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If we accept a Neoproterozoic source for the Gongga Shan granites as the data imply, then 272 firstly we can infer that Neoproterozoic (Yangtze margin) crust underlies the region of the 273 Gongga Shan batholith. The basement to the SGT has been debated (Roger et al., 2010 and 274 references within), but is inferred by Roger et al. (2010) to be Neoproterozoic crust similar 275 to the Yangtze craton, on the eastern edge of the SGT (Zhou et al., 2002) . Gongga Shan, 276 also located on the eastern border of the SGT, supports this model at least for the southern 277 part of the SGT. The reason for melting of this Neoproterozoic crust remains enigmatic 278 however. The Triassic-Jurassic intrusions may be related to: (1) crustal thickening and 279 burial during the Indosinian orogeny (Roger et al., 2004 (Roger et al., , 2010 ; (2) a slab tear from 280 opposing subduction zones either side of the SGT (de Sigoyer et al., 2014) ; (3) post-281 collisional delamination (Zhang et al., 2007) ; or (4) tearing of the thickened lower crust 282 after infilling of the sedimentary basin (Yuan et al., 2010) . The Oligocene-Miocene melts 283 imply that over 100 Myrs later, during the on-going Himalaya-Tibetan orogeny, that the 284 magmatic source region was reactivated or that new (but isotopically similar) source 285 regions were partially melted; both possibilities may have involved decompression melting 286 as a potential mechanism. 287
288
There is no clear surface geological evidence for Cenozoic metamorphism in the Gongga 289
Shan region, or in fact the SGT as a whole. The deformation observed in the SGT 290 sedimentary cover is inferred to be largely Indosinian (Harrowfield and Wilson, 2005) . more recent movements (Hubbard and Shaw, 2008; Wang et al., 2014) . Active deformation 300
here is localised as steep faults that form a thick-skinned fold and thrust belt bounding theM A N U S C R I P T
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widespread Cenozoic deformation and metamorphism in the SGT is in contrast to the south 303
Tibetan margin, where the High Himalaya expose high-grade metamorphic rocks exhumed 304 from the mid-crust, that are associated with large volumes of partial melt (see Searle et al., 305 2010; Cottle et al., 2015) . 306 307
Comparison to other young melts 308
Gongga Shan does not represent the only young crustal melt in the Asian plate rocks of the 309 Tibetan Plateau that is now exposed at the surface. Shown on Fig granitoids over a protracted history, ranging in age from ca. 213 Ma to 8 Ma (Xu et al., 314 1985; Liu et al., 2004; Kapp et al., 2005; Weller et al., 2016) . The magmatic rocks were 315 exhumed from the mid-crust (ca. 15-20 km depth) since the late Neogene (Armijo et al., 316 1985; Harrison et al., 1995) . The Lunggar Rift in south-west Tibet features granitoids 317 formed between ca. 22 Ma and 8 Ma (Kapp et al., 2008) . In Ulugh Muztagh, north Tibet, 318 leucogranites formed at shallow levels (ca. 10 km) between ca. 10 Ma and 8 Ma, and 319 intrude into Triassic sandstone (Burchfiel et al., 1989) . 320
321
These crustal melt leucogranites located sporadically across the Asian plate side of the 322 suture zone in Tibet are not the same as the Indian plate leucogranites, exposed along the 323 Greater Himalaya or the Yarlung suture zone (Laskowski et al., 2017) . 324
The Greater Himalayan Sequence (GHS) leucogranites are sourced and intruded into Indian 325 plate rocks south of the suture zone. They are in situ melts from kyanite or silimanite ± 326 cordierite migmatites and intruded as a vast network of sills and dykes in the GHS. The 327 Tibetan leucogranites (although of similar age as the younger GHS melts) are different; they 328 are melts derived from and intruded into rocks of the over-riding Asian plate, their source is 329 deeper and generally not exposed, their geochemistry and isotopes distinctly different from 330 the GHS, and they intrude older rocks of, for example, the Lhasa block. The Gongga Shan 331 leucogranites are located much further north across at least another plate boundaryM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Weller et al. (2016) suggested that Nyainqentanglha, and by inference the other regions of 336 young exposed crustal melting, may be exhumed examples of localised mid-crustal partial 337 melts that can be seen in the middle crust of Tibet today as seismic -magnetotelluric 338 'bright spots'. These bright spots, recorded by INDEPTH seismic data (e.g. Brown et al., 339 1996; Makovsky et al., 1996; Wei et al., 2001 ), represent either melt or fluid (Makovsky and 340 Klemperer, 1999; Unsworth et al., 2005) , but either way, imply the existence of pockets of 341 melt in the middle crust (Gaillard et al., 2004) . Weller et al. (2016) suggested that their 342 localisation is directly related to the existence of melt-fertile source rocks. This is intriguing 343
given the case of Gongga Shan, where Neoproterozoic crust is inferred to be the magmatic 344 source according to the present study. The melts forming the Gongga Shan leucogranites 345 suggest that this Neoproterozoic 'basement' must comprise melt-fertile metasedimentary 346 or meta-igneous units. The fact that young melts such as the Gongga Shan leucogranites 347 are rarely seen in Asian plate rocks across the Tibetan plateau, is either due to the lack of 348 melt-fertile rocks within the mid-crust, and/or to the lack of mechanisms to exhume and 349 expose the crustal melts after they have formed. It may be that melt-fertile rocks produce 350 melt during earlier stages of collisional orogeny, and that fertile regions remain scarce by 351 late stages of orogeny. Both the Lunggar Rift and Nyainqentanglha, which is associated with 352 the Yadong-Gulu Rift, are characterised by upper crustal extensional faulting, and hence, 353 this could provide a mechanism to exhume the exposed melts (Kapp et al., 2008; Weller et 354 al., 2016) . However, the distribution of leucogranites away from the shallow normal faults 355 that appear to cut them, suggests no direct link between Cenozoic upper crustal extension 356 and crustal melting (Searle et al., 2011) . 357 358
Exhuming Gongga Shan 359
Whereas the Lunggar Rift and Nyainqentanglha granitoids are associated with extensional 360 rifts, the Gongga Shan batholith appears to be associated with the Xianshuihe strike-slip 361 fault. This regional scale fault system, which features a series of onlapping strands as itM A N U S C R I P T
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for a Gongga Shan granite provided the age of onset of movement for the Xianshuihe fault. 367 Searle et al. (2016) lowered this age to ca. 5 Ma, based on their youngest magmatic age. 368
Recently, Zhang et al. (2017) provided another very young age from a similar part of the 369 batholith at ca. 4 Ma, providing further confirmation of Pliocene magmatism. 370
371
The uplift history of Gongga Shan has been estimated by a range of techniques, comprising 372
Rb-Sr, Ar-Ar and zircon and apatite fission tracks ages, most recently synthesised in Zhang 373 et al. (2017) . In their combined zircon and apatite fission track-based study, Zhang et al. 374 (2017) interpreted their data as recording rapid uplift commencing at 9 Ma, and slowing 375 down since 4 Ma. Regionally, thermochronology has shown that the southeast Tibetan 376 plateau (exclusive of the Namche Barwa syntaxis) has experienced little rock uplift and 377 erosion since the Cretaceous (Lai et al., 2007; Zhang et al., 2017) . The thermochronological 378 data are interesting considering the geochronological ages of magmatism. They suggest 379 that melting, presumably of the middle crust given the inferred Neoprotorozoic source, 380 occurred both shortly before, and after, rapid exhumation of the massif. Zhang et al. (2017) 381 also suggested that movement of the northern Yalahe strand of the Xianshuihe fault zone 382 was active between 9 Ma and 4 Ma, i.e. before the youngest melts intruded. 383
384
In summary, we envisage the large-scale crustal structure in Fig. 5 . Both Triassic and 385 younger Gongga Shan components are presumed to be derived from Neoproterozoic 386 source rocks underlying the region. The Triassic magmatism broadly overlapped and 387 followed regional Indosinian deformation of the Songpan-Ganze sediments (e.g. overthickening of the crust could explain the localised young mid-crustal melting at Gongga 414 Shan (Fig. 5) . The melt source for the young Cenozoic Gongga Shan leucogranites would lie 415 in the mid-crust, the Asian plate Proterozoic basement gneisses above the lowermost crust 416 comprised of Indian Shield-derived granulites (Fig. 5) . 417 418 419 420
Conclusions 421
The source of young (ca. 15-4 Ma) crustal melts exposed in the Gongga Shan batholith, 422 along the eastern margin of the Tibetan plateau, is interpreted to be Neoproterozoic crust 423 equivalent to the adjacent Kangding Complex. This crust underlies the thick Triassic 424 Songpan-Ganze sedimentary package locally, and perhaps across the region. Young melts 425 require melt-fertile rocks, which may be sparse at this late stage of the collisional orogeny. 426
The melts may be exhumed equivalents to the seismic -magnetotelluric "bright spots" of the Songpan-Ganze terrane (Weislogel et al., 2006 (Weislogel et al., , 2010 Zhang et al., 2014) 
. (b) 464
Probability density plot of U-Pb zircon spot ages for concordant (<10%) spot analyses from 465 Gongga Shan (Li and Zhang, 2013; Li et al., 2015; Searle et al., 2016; Zhang et al., 2017) 
. (c) 466
Probability density plot of all U-Pb zircon magmatic ages from Gongga Shan (Roger et al., 467 1995; Liu et al., 2006; Li and Zhang, 2013; Li et al., 2015; Searle et a., 2016; Zhang et al., 468 2017) . Geochronological constraints from the Songpan-Ganze orogenic belt, western China. 634 Geology, 21, [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] M A N U S C R I P T
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